1. Introduction {#s0005}
===============

As the adaptors between genetic code and specific amino acids, transfer RNAs (tRNAs) are essential players in protein synthesis. Mitochondria thus require a set of tRNAs within their matrix compartment to translate the genes encoded by their genome. While in some cases these tRNAs are entirely derived from the cytosol by active transport through the two mitochondrial membranes [@bb0005], the mitochondrial genomes of many organisms encode a majority or all of the tRNAs required for mitochondrial protein synthesis.

Like those of any other genetic system, mitochondrial tRNAs are not transcribed in their mature form, but as precursors that require processing and modification for maturation [@bb0010]. Primary tRNA gene transcripts have extensions at both ends that have to be removed by specific nucleases [@bb0015]. Unlike nuclear tRNA transcripts, yet resembling their bacterial ancestors\' tRNA gene expression, mitochondrial tRNAs are usually synthesized as part of polycistronic transcripts. Their 5′- and 3′-flanking sequences are thus not short non-coding sequences, but rather themselves (precursors of) mRNAs, rRNAs, or other tRNAs, and as a mitochondrial peculiarity often directly abutting the tRNA sequence, a phenomenon known as 'tRNA punctuation'. Release of tRNAs from the polycistronic primary transcripts thus indirectly provides processed mRNAs and rRNAs as a consequence of tRNA recognition and cleavage. tRNA punctuation is widely used for transcript processing in the mitochondria of opisthokonts (fungi and animals) [@bb0735; @bb0025; @bb0030], and is best illustrated by the organization and processing of the human mitochondrial genome, where tRNA processing accounts for almost all primary transcript processing events [@bb0035]. Plant mitochondria do not use tRNA punctuation as the basic mechanism for transcript processing. Nevertheless, their tRNA genes are clustered and/or part of polycistronic primary transcripts [@bb0040]. Moreover, plant mitochondrial mRNA transcripts frequently contain tRNA-like structures called 't-elements', which are coincident with the ends of the mature mRNA, suggesting that they too serve as recognition signals for mitochondrial tRNA processing enzymes [@bb0045].

The tRNA processing enzymes of mitochondria thus play a central role not only in the maturation of mitochondrial tRNAs, but for mitochondrial RNA maturation in general. In this review I will summarize what is currently known about the two responsible mitochondrial endonucleases RNase P and RNase Z, compare them to the respective enzymes active in the nucleus or in bacteria, and compare different eukaryal model systems to outline the differences or parallels.

Still, mitochondrial tRNA maturation is not complete after 5′- and 3′-end cleavage. Like nuclear tRNA genes, mitochondrial tRNA genes do generally not encode the CCA sequence universally found at the 3′ end of mature tRNAs. The CCA trinucleotide is added after 3′-end processing by a CCA-adding enzyme, an ATP(CTP):tRNA nucleotidyltransferase [@bb0050]. In yeast, and apparently also in humans, this enzyme is shared between compartments, i.e., derived from the same gene as that acting on nucleus-encoded tRNAs [@bb0055; @bb0060; @bb0065; @bb0070]. Mitochondrial tRNA genes lack introns and thus do not require splicing.

tRNAs are also the most extensively modified cellular RNA species, and so are mitochondrial tRNAs [@bb0075; @bb0080]. Nucleotides are modified posttranscriptionally by a variety of different modification enzymes some of which are shared and used in the modification of mitochondrial as well as cytosolic tRNAs, while others are specific for mitochondria, just as some modifications are only found in mitochondrial tRNAs [@bb0080; @bb0085; @bb0740; @bb0095]. However, due to the comparably low cellular abundance of mitochondrial tRNAs the study of their modifications and modification pathways lags far behind that of cytoplasmic or bacterial tRNAs.

Mitochondrial tRNAs of most Eukarya conform to the canonical type of tRNA structure found in Bacteria, Archaea, or the eukaryal cytosol. Metazoan mitochondrial tRNAs, however, generally deviate more or less from this structural consensus, are in general smaller, have highly reduced, or even lack, D or TΨC domains, and do not form many of the typical tertiary interactions stabilizing the tRNA L-shape; they are therefore in some cases referred to as bizarre [@bb0100; @bb0105; @bb0110]. These structural peculiarities appear to be reflected in the evolution of some of the enzymes interacting with animal mitochondrial tRNAs, including the enzyme involved in 5′ end processing.

2. tRNA 5′-end processing --- RNase P {#s0010}
=====================================

In all genetic systems analyzed so far 5′ extensions of tRNA precursors are removed by an endonuclease. This enzyme is called RNase P (EC 3.1.26.5); it is a metallonuclease that utilizes Mg^2 +^ for phosphodiester hydrolysis \[for review see refs. [@bb0015; @bb0115; @bb0120; @bb0125; @bb0130]\]. RNase P was first identified in *Escherichia coli* [@bb0135], and its subsequent characterization showed that it is composed of a small protein and an RNA [@bb0140]. The RNA was shown to be the actual catalytic part of the enzyme, capable of catalysis even in the absence of the protein subunit under specific in vitro conditions [@bb0145]. Historically, the *trans*-acting RNase P RNA was the first true RNA enzyme (ribozyme) identified.

RNA-based RNase P enzymes were subsequently identified in various forms of life (see [Section 2.1](#s0015){ref-type="sec"}) and the apparent omnipresence of the RNase P ribozyme not only led to the concept that this RNA enzyme is a universal relic of a hypothetical 'RNA world', but to the (still) prevailing view that tRNA 5′-end processing is inevitably linked to the action of a catalytic RNA. However, another form of RNase P, built of protein only, has recently been disclosed. First identified in human mitochondria [@bb0150], it was subsequently also demonstrated in plant mitochondria and chloroplasts [@bb0155] (see [Sections 2.3 and 2.4](#s0035 s0050){ref-type="sec"}). This enzyme appears typically composed of a single \~ 60 kDa polypeptide, but functionally equivalent to the RNA-based enzymes. In fact, the *Arabidopsis* mitochondrial/chloroplast enzyme is able to substitute for *E. coli* RNase P in vivo [@bb0155]. Its presence in the genomes of several eukaryal groups suggests that this proteinaceous RNase P is as frequent as the RNA-based enzyme in Eukarya and not restricted to mitochondria and chloroplasts (see [Section 2.1](#s0015){ref-type="sec"}).

2.1. The RNase P family in the three domains of life --- a survey {#s0015}
-----------------------------------------------------------------

All bacterial RNase P enzymes identified so far are composed of an RNA and a small protein subunit [@bb0015; @bb0160; @bb0165]. The RNAs of different bacteria fall into two structural classes, types A and B, and a small group that seems structurally intermediate [@bb0015; @bb0125; @bb0160; @bb0165]. An exceptionally small, structurally most reduced, quasi-minimal bacterial RNase P RNA is found in *Mycoplasma fermentas* [@bb0170], which lacks, e.g., the otherwise universally conserved helix P12 ([Fig. 1](#f0005){ref-type="fig"}). Despite this structural variation of the catalytic RNA moiety the protein subunits from even distant bacteria are structurally conserved and functionally exchangeable [@bb0175]. The protein is essential for RNase P function in vivo and plays an important role in substrate recognition, the stabilization of the RNA\'s tertiary structure, and increases the binding affinity for metal ions crucial for substrate positioning and catalysis [@bb0015; @bb0160]. Whereas structurally related RNase P RNAs are found in almost all Archaea and many Eukarya, the bacterial protein has no homologs in these two phylogenetic domains [@bb0180]. Neither a gene for RNase P RNA nor for an RNase P protein were identified in the genome of the hyperthermophilic bacterium *Aquifex aeolicus*, although an RNase P activity was detected in cell extracts [@bb0185; @bb0190; @bb0195].

Archaeal RNase P is composed of a structurally related RNA and at least four proteins [@bb0200; @bb0205]. The catalytic competence of the RNA is not only suggested by the evolutionary relationship with bacterial RNase P RNA ([Fig. 1](#f0005){ref-type="fig"}), but was also verified experimentally, although more extreme ionic conditions were required to observe RNA alone activity [@bb0210]. The hyperthermophilic crenarchaeon *Pyrobaculum aerophilum* has another highly reduced, minimal form of RNase P RNA, and possibly also a reduced set of associated proteins [@bb0215]; still the RNA has retained catalytic activity. The archaeon *Nanoarchaeum equitans* might be the sole form of life having no RNase P at all [@bb0220]. The tRNAs of this parasitic archaeon are synthesized without 5′ extensions, resulting in mature tRNAs with a 5′ triphosphate.

Eukaryal nuclear RNase P is best characterized in the yeast *Saccharomyces cerevisiae* and in the human system [@bb0205; @bb0225; @bb0230]. It is composed of an RNA structurally related to that of Bacteria and Archaea ([Fig. 1](#f0005){ref-type="fig"}). Again, this RNA was shown to have some residual catalytic competence on its own [@bb0235]. The protein complement is further increased in number and mass relative to Archaea, and 9 protein subunits are found in yeast and 10 in humans, including a 100-kDa polypeptide (POP1) as the largest protein component. The majority of these proteins is also associated with the nuclear ribonucleoprotein RNase MRP [@bb0225; @bb0230]. Its RNA component is structurally related to that of RNase P, but has distinctive features too. RNase MRP does not act on the 5′ ends of tRNA precursors, but plays a role in rRNA processing and, by cleavage of cyclin B2 mRNA, in yeast cell cycle regulation [@bb0225; @bb0230].

Yeast and human nuclear RNase P are proposed to have many substrates in addition to tRNA precursors [@bb0225; @bb0240]. Moreover, human nuclear RNase P appears to play a role in nuclear transcription by RNA polymerases III and I [@bb0245]. This increased versatility is considered to have been a major evolutionary driving force for the increase in (protein) complexity of the eukaryal compared to the prokaryotic enzymes during evolution.

RNase P RNA sequences could not be identified in the genomes of major phylogenetic branches of Eukarya, such as land plants, green and red algae, and heterokonts (Stramenopiles) [@bb0250; @bb0255]. The same holds for homologs of proteins otherwise specifically associated with nuclear RNase P, although an RNase MRP RNA and its associated proteins were identified in the aforementioned groups [@bb0250; @bb0260]. Yet, neither RNase P nor RNase MRP RNA sequences, nor any of the typically associated proteins are found in the genomes of kinetoplastids (encompassing the parasitic *Trypanosoma* and *Leishmania* species) [@bb0250; @bb0260]. Interestingly, all these eukaryal groups encode one or more copies of the proteinaceous RNase P protein originally identified as the catalytic subunit of human mitochondrial RNase P [@bb0150]. Nuclear RNase P might thus be a pure protein enzyme in many Eukarya. Consistently, two of the three proteinaceous RNase P isoforms found in *Arabidopsis thaliana* indeed localize to the nucleus [@bb0155].

Apart from the nucleus and mitochondria, RNase P activity is also found in chloroplasts/plastids (in Eukarya). Consistent with the cyanobacterial origin, the plastid genomes of glaucophytes, red algae, and some prasinophytes (an early branching group of green algae) encode a bacterial type A RNase P RNA [@bb0265; @bb0270]. Other green algae and land plants have lost this gene from their plastid genomes. However, their nuclear genomes encode one or more proteinaceous RNase P enzymes (PRORP) [@bb0150; @bb0155]. We recently showed that *A. thaliana* chloroplast RNase P is indeed a protein and identical to the mitochondrial enzyme [@bb0155] (see [Section 2.4](#s0050){ref-type="sec"}). In fact, biochemical characterization of spinach chloroplast RNase P almost 25 years ago suggested that this enzyme does not contain RNA [@bb0275]. The protein, however, was identified only recently by homology to human mitochondrial RNase P (mtRNase P) [@bb0150]. Thus, chloroplasts of land plants and most green algae have apparently replaced their bacterial heritage with a protein enzyme, whereas more early branching photosynthetic Eukarya have at least partially kept the ancestral state in their plastids (the protein component(s) of these putative ribonucleoprotein RNase P enzymes have not been identified yet). It further appears that genomes of plastids originating from secondary endosymbiosis (e.g., in heterokonts, haptophytes, cryptomonads, apicomplexans, or euglenids) have generally lost their RNase P RNA gene, regardless if the plastids derived from red or green algae.

2.2. Mitochondrial RNase P in fungi {#s0020}
-----------------------------------

### 2.2.1. Yeast mitochondrial RNase P {#s0025}

Of all fungal mtRNases P that of the budding yeast *S. cerevisiae* is by far the best characterized [@bb0270]. Early genetic studies had revealed that the synthesis of yeast mitochondrial tRNAs depends on a locus mapping between the tRNA^fMet^ and tRNA^Pro^ genes of the mitochondrial genome, which does not encode a protein [@bb0280; @bb0285]. Molecular studies of the expression of this region identified an A/U rich transcript of \~ 500 nucleotides in length [@bb0290], a mapping that was later refined to \~ 420 nucleotides [@bb0295]. This RNA cofractionated with mtRNase P activity upon purification [@bb0300], and 3′-matured tRNA with 5′ extension accumulated in deletion mutants of this mitochondrial locus [@bb0305]. Moreover, the activity was demonstrated to be sensitive to nuclease and protease treatment, indicating that it is a ribonucleoprotein that requires nucleus-encoded protein(s) for function, the latter inferred from the fact that yeast mitochondrial DNA (mtDNA) deletion mutants devoid of mitochondrial protein synthesis, but retaining the RNase P RNA locus, still have RNase P activity [@bb0300]. Surprisingly, the integrity of the full-length RNA is not required and two fragments from the 5′ and 3′ end (\~ 70 nucleotides each), were shown to be sufficient to support the activity in vitro [@bb0310]; thus a major part of the RNA appears to be dispensable ([Fig. 1](#f0005){ref-type="fig"}).

RNase P RNA genes (*RPM1*, or *rnpB* in analogy to the bacterial gene) were also found in the mitochondrial genomes of many other budding yeasts (Saccharomycetales) [@bb0315; @bb0320; @bb0325]. All these RNAs are extremely A/U rich and vary considerably in size, down to the minimal *rnpB* of *Saccharomycopsis fibuligera* of only \~ 150 nucleotides. They all deviate considerably from the general, bacterial--archaeal--eukaryal nuclear, consensus structure or the bacterial minimal consensus structure ([Fig. 1](#f0005){ref-type="fig"}). Secondary structure predictions of these RNAs are further complicated by the low degree of primary sequence conservation even among rather closely related yeasts. Only the conserved regions CR I and CR V, forming helix P4, and helix P1 appear generally retained [@bb0325]. Also CR IV is found frequently, and *S. cerevisiae* and its close relatives harbor a stem-loop structure that may mimic helix P18 of bacterial RNase P RNAs [@bb0325]. Not surprisingly, none of these crippled RNase P RNAs gave rise to RNase P activity without protein in vitro, and it is assumed that the protein moiety of the enzyme has a more substantial, compensatory functional role in the holoenzyme.

The mtRNase P of *S. cerevisiae* is the only organellar RNA-based RNase P of which a protein component has been identified. Extensive purification of the enzyme revealed a 105-kDa protein encoded by a nuclear gene termed *RPM2* [@bb0330]. Antibodies against Rpm2p immunoprecipitate mtRNase P activity as well as its RNA component (Rpm1r) [@bb0335], and a gene disruption producing a C-terminally truncated protein leads to the accumulation of mitochondrial tRNA precursors with 5′ extensions [@bb0330; @bb0340], though this effect is at least in part attributable to a role of this domain in Rpm1r maturation [@bb0345] (see also below). In vitro reconstitution of yeast mtRNase P from purified components has not been achieved so far. Thus, the contribution of Rpm2p to mtRNase P activity remains vague and it cannot be excluded that other proteins are required. Rpm2p has no homology to any other known RNase P protein and its gene is not found beyond closely related budding yeasts, not even in other ascomycete fungi [@bb0120; @bb0270].

Rpm2p has further functions not directly related to mtRNase P activity and even entirely unrelated ones. Complete deletion of *RPM2* is lethal, even under conditions allowing fermentative growth (yeast requires mitochondrial protein synthesis for respiration, but not for fermentative growth on, e.g., glucose) [@bb0340]. Under fermentative conditions deletion of the C-terminal domain of Rpm2p leads to deletions of the mitochondrial genome (mitochondrial protein synthesis is required to maintain an intact mitochondrial genome in yeast [@bb0350]) and to the accumulation of 5′-unprocessed mitochondrial tRNAs even in case an intact *RPM1* is retained [@bb0330; @bb0340]. However, if cell growth depends on respiration because a fermentable carbon source is lacking, the same partial *rpm2ΔC* deletion allele supports sufficient mtRNase P activity and the strains retain an intact mitochondrial genome [@bb0345]. Under both conditions, Rpm1r is not properly processed to its mature form, and large precursors of mtRNase P RNA accumulate [@bb0295; @bb0345]. Thus the C-terminal domain of Rpm2p seems to be strictly required for Rpm1r maturation, but not for pre-tRNA 5′-end processing. Rpm1r processing is restored if the C-terminal domain is provided *in trans* [@bb0345]. Yet, it is not known how Rpm2p contributes to Rpm1r precursor processing. Apparently, the Rpm1r precursor species support mtRNase P activity only insufficiently, leading to the mild accumulation of tRNA precursors under respiratory conditions. The C-terminal truncation possibly also impairs Rpm2p\'s functionality as an RNase P subunit and differences in *rpm2ΔC* expression might account for the more severe phenotype under fermentative conditions. Moreover, a fraction of Rpm2p localizes to the nucleus where it appears to upregulate the transcription of genes of the mitochondrial protein import machinery [@bb0355]. It is this role that, tied in with the protein\'s indirect effect on mtDNA maintenance, is believed to be essential for yeast viability \[for discussion, see ref. [@bb0355]\]. Finally, Rpm2p seems to interact with cytoplasmic P bodies suggesting a function in mRNA metabolism [@bb0360].

Curiously, yeast mtRNase P function is impaired by disruption of the type II fatty acid synthesis (FAS II) pathway [@bb0365]. Deletion of any of the mitochondrial FAS II genes resulted in the accumulation of 5′-extended mitochondrial tRNA precursors and an Rpm1r precursor. MtRNase P itself, however, appears not modified by lipoic acid [@bb0365]. Recently, it was suggested that mtRNase P is part of a "supercomplex" together with RNase Z, the RNA degradosome, components of the mitochondrial translation machinery, the enzymes of the tricarboxylic acid cycle (TCA) cycle, and components of the FAS II pathway [@bb0745]. This "supercomplex" is apparently absent upon deletion of a single component of the FAS II pathway. The finding suggests physical association as the possible functional link between FAS II and mitochondrial tRNA processing. Still, it remains unclear how such apparent "supercomplex" association affects mtRNase P function. In the end, the biological rationale behind the apparent intersection of mitochondrial tRNA processing with fatty acid synthesis or the TCA cycle is currently mostly enigmatic.

### 2.2.2. Mitochondrial RNase P in other fungi {#s0030}

The occurrence of RNase P RNA genes in fungi appears highly variable. In ascomycetes, *rnpB* has a rather patchy distribution, being present in representatives of the different groups, but absent in other closely related members of the same groups [@bb0325]. An *rnpB* gene has not been identified in any of the basidiomycete and chytridiomycete mitochondrial genomes [@bb0325], but all zygomycete mitochondrial genomes sequenced so far contain an *rnpB* gene [@bb0375]. As in budding yeasts, length and structure variation appear to be general characteristics of fungal mtRNase P RNAs. Length variation is most extreme in the zygomycete lineage, ranging from 188 to 980 nucleotides and thereby including the longest RNase P RNA identified so far. The short mtRNase P RNA of *Smittium culisetae* appears structurally as reduced as the minimal yeast mtRNase P, essentially confined to the structural elements P1 and P4 [@bb0325; @bb0375]. Most of the longer zygomycete mtRNase P RNAs, however, have remained structurally close to the universal consensus [@bb0375]. Also some ascomycete mtRNase P RNAs, like that of *Aspergillus nidulans*, have a secondary structure similar to the universal consensus [@bb0325] ([Fig. 1](#f0005){ref-type="fig"}). *A. nidulans* is also the only other fungus beyond *S. cerevisiae* for which mtRNase P has also been studied biochemically [@bb0380]. Seven polypeptides, ranging from 16 to 55 kDa, were found in highly purified fractions, but no further characterization or identification of those has been reported. The knowledge about fungal mtRNase P proteins thus remains scarce and the identity and composition of mtRNase P in several clades, including model systems like *Neurospora crassa*, unknown.

2.3. Mitochondrial RNase P in animals {#s0035}
-------------------------------------

### 2.3.1. Human mitochondrial RNase P {#s0040}

A mtRNase P and its critical role for global mitochondrial transcript maturation were proposed when human mtDNA was first sequenced and the various encoded RNAs characterized [@bb0035; @bb0385; @bb0390]. Yet, despite early efforts to identify mitochondrial tRNA processing enzymes in human cells [@bb0395], it took almost 15 years until the processing of mitochondrial tRNA precursors by mitochondrial enzyme activities was first demonstrated [@bb0400]. The mtRNase P activity turned out to have properties that distinguished it from any other RNase P known at that time [@bb0400], including the apparent lack of an RNA component [@bb0405]. By combining classical enzyme purification with mass-spectrometry-based proteome analysis we more recently achieved to identify the components of human mtRNase P and to reconstitute its activity from three recombinantly produced proteins only, without an RNA component [@bb0150].

In 2008, an RNase P devoid of RNA was without precedent and violated the general paradigm of RNase P\'s ribozymal nature. Yet, despite the fundamentally different makeup of this new variant of RNase P, its basic enzymatic properties are similar to the RNA-based enzymes. Both recognize parts of the tRNA structure within the precursor, require Mg^2 +^ for phosphodiester hydrolysis, and generate 5′-phosphate and 3′-hydroxyl products. The catalytic role of the RNA seems to be taken over by one of the three proteins, originally termed mitochondrial RNase P protein 3 (MRPP3), as it was the third component identified [@bb0150]. Homologs of MRPP3 were found in the genomes of various eukaryal lineages [@bb0150], and have meanwhile been shown to also localize to the other tRNA-coding cellular compartments, nucleus and chloroplasts, in the different eukaryal branches \[ref. 31 and unpublished results\]. In many cases, these MRPP3 homologs seem to be active on their own, not requiring any other proteins for RNase P activity \[ref. 31 and unpublished results\]. Animal mtRNase P in this regard seems to be the exception rather than the rule, and, though first identified, not the prototype of this form of protein-only RNase P. We have thus coined the more generally applicable name proteinaceous RNase P (*PRORP*) for this gene family, numbered only in cases of multiple isoforms in a genome [@bb0155].

So far, *MRPP3*/*PRORP* homologs have been found in the genomes of animals, plants, green and red algae, heterokonts, haptophytes, and euglenids. The gene seems to be generally absent from the fungal lineage and possibly some protist groups. It has not been found in Archaea or Bacteria. The *PRORP* gene family is most conserved in its C-terminal part. This domain displays all the characteristics of a metallonuclease and places PRORP in a superfamily of predicted ribonucleases defined by the so-called NYN (N4BP1, YacP-like nuclease) domain [@bb0410] ([Fig. 2](#f0010){ref-type="fig"}). NYN domain proteins are found in all three main branches of life. The domain appears to be characterized by a common fold with conserved acidic residues presumably coordinating at least one catalytic metal ion in the active site. The NYN family seems related to the PIN and FLAP nuclease families, yet PRORP is the first NYN protein with a demonstrated ribonuclease function. Eukaryal NYN domains are found linked to various RNA binding domains/motifs and/or to the UBA ubiquitin-binding domain. In PRORP, the putative catalytic NYN domain is linked to an upstream zinc-finger-like (GX)CXXC signature and two pentatricopeptide repeats (PPR; [Fig. 2](#f0010){ref-type="fig"}). PPRs are motifs of 35 amino acids generally occurring in multiple consecutive copies and suggested to mediate RNA-binding activity [@bb0415]. PPR proteins are numerous in plants, but rare in animals. However, with only two PPRs in-tandem, PRORPs are not considered typical PPR proteins. The N-terminal part of PRORP is not well conserved and no motif apart from a facultative mitochondrial matrix-targeting signal has been recognized therein so far ([Fig. 2](#f0010){ref-type="fig"}).

In contrast to, e.g., *A. thaliana* PRORP1 [@bb0155], human MRPP3/PRORP requires two additional proteins for mtRNase P function: MRPP1 and MRPP2 [@bb0150]. *MRPP1* is one of three vertebrate homologs of yeast *TRM10* and has therefore also been named RNA (guanine-9-)methyltransferase domain containing 1 (RG9MTD1). Trm10p is responsible for the methylation of the N1 of guanosine at position 9 of a subset of yeast cytoplasmic tRNAs [@bb0420]. Mitochondrial homologs of *TRM10* are apparently only found in animals and other eukarya seem to have no more than one gene. More recent work showed that MRPP1 is indeed involved in the methylation of mitochondrial tRNAs (manuscript in preparation). However, methylation and cleavage are neither coupled nor interdependent. This raises the question about the role of MRPP1 for tRNA processing by human mtRNase P. It seems reasonable to postulate that MRPP1 is involved in substrate recognition, but how this is achieved and why MRPP1 is required for mtRNase P function is enigmatic at present. Still, a consequence of this type of methyltransferase\'s involvement in mtRNase P may be an unusual way by which the MRPP3/PRORP nuclease subunit faces its substrate. The base of position 9 is buried in the core of an L-shaped tRNA structure and thereby rather inaccessible for an enzyme. Methylation would thus have to involve the transient unfolding of this part of the tRNA as well as interaction with parts of the tRNA structure not necessarily required to be normally "seen" by an RNase P enzyme \[for a more thorough discussion see ref. [@bb0425]\]. Thus, MRPP3 may at least partly recognize such transiently unfolded structural elements, which might explain the unique substrate specificity of human mtRNase P, differing from that of *E. coli* or human nuclear RNase P on numerous accounts [@bb0400; @bb0430; @bb0435; @bb0440; @bb0750]. Possibly, the requirement of the two extra components MRPP1 and MRPP2 may thereby represent an adaptation to the non-canonical structures of animal mitochondrial tRNAs.

The moonlighting of the third component, MRPP2, in human mitochondrial tRNA 5′-end processing is even more obscure. MRPP2, hydroxysteroid (17-β) dehydrogenase 10 (HSD17B10) according to current nomenclature, belongs to the short-chain dehydrogenase/reductase (SDR) family [@bb0450]. The protein has long been known as a dehydrogenase acting on a wide spectrum of substrates in vitro [@bb0455], but its best-documented role as a dehydrogenase in vivo is in branched-chain amino and fatty acid degradation [@bb0460]. While there is currently no clue as to the mechanism by which it contributes to mtRNase P, this moonlighting activity could be a key towards understanding the pathogenetic mechanism of 2-methyl-3-hydroxybutyryl-CoA dehydrogenase (MHBD) deficiency, a disease caused by mutations in *HSD17B10* [@bb0460; @bb0465].

Human mtRNase P cleaves a wide range of mitochondrial tRNA precursors in vitro [@bb0150; @bb0400; @bb0430; @bb0750]. Its activity is readily detectable in even crude mitochondrial extracts and thereby appears to be relatively abundant [@bb0400]. Overexpression of *MRPP1* boosts mtRNase P activity in mitochondrial extracts and mitochondrial tRNA precursors accumulate if the expression of any of its three components is knocked down by RNA interference [@bb0150]. These findings have firmly established the essential role of mtRNase P and its three subunits in the 5′-end maturation of mitochondrial tRNAs.

When we first identified mtRNase P activity we had also noticed the presence of small amounts of the RNA component of nuclear RNase P (H1 RNA) in mitochondrial preparations [@bb0400]. However, we were unable to detect any nuclear RNase P activity in mitochondrial extracts and H1 RNA was largely removed by applying more thorough mitochondrial purification regimens [@bb0400]. Moreover, we demonstrated that the remaining H1 RNA was neither required for nor associated with mtRNase P activity [@bb0400]. Using a bacterial tRNA precursor as a substrate (notably, a substrate not cleaved by mtRNase P [@bb0400]) others had before partially purified an RNase P activity from mitochondrial preparations [@bb0395] that later turned out to contain H1 RNA and to be apparently identical to the nuclear enzyme [@bb0470]. While the dispute about the possible identity of nuclear and mitochondrial RNase P in human cells was eventually settled after the distinct nature of human mtRNase P had been unraveled [@bb0150; @bb0440], the idea of nuclear RNase P being imported into mitochondria was recently revived. Polynucleotide phosphorylase (PNPase) was proposed to mediate the import of H1 and other RNAs into mitochondria, where H1 RNA was hypothesized to function in the processing of specific mitochondrial tRNA precursors as a quasi-additional mtRNase P [@bb0475]. Appreciation of all available data, however, gives rise to severe concerns that question the proposed scenario:(1)The number of H1 RNA molecules associated with mitochondria is extremely low, more than one order of magnitude lower than that of mtDNA [@bb0440; @bb0470]. It appears unlikely that such low amounts are sufficient to play an essential role in mitochondrial tRNA processing. Comparable or even higher amounts of other non-coding RNAs were found to be associated with mitochondria as well [@bb0440; @bb0470; @bb0480; @bb0485]. Might all these RNAs be imported into mitochondria by the PNPase-dependent import pathway? What should be the functional relevance of, e.g., spliceosomal snRNAs for mitochondrial biology?(2)The putative mitochondrial H1 RNA pool is apparently associated with the same proteins as the nuclear one; its sedimentation behavior mimics that of nuclear RNase P [@bb0470] and the RNA can be quantitatively immunoprecipitated by antibodies against nuclear RNase P [@bb0400]. However, none of the proteins associated with nuclear RNase P has a recognized mitochondrial targeting sequence or been found in mitochondrial proteomes \[see ref. [@bb0150] and refs. therein\].(3)PNPase was reported to interact with helix P9 of H1 RNA and to mediate the mitochondrial import of in vitro transcribed RNAs containing this short stem-loop structure [@bb0475]. However, in the nuclear RNase P ribonucleoprotein, P9 is covered by protein according to a recent footprinting analysis [@bb0490]. This raises the question how PNPase is able to access helix P9 in the context of the ribonucleoprotein.(4)A structurally distinct stem-loop of RNase MRP RNA (an extension of helix P12) was reported to mediate PNPase-dependent import as well [@bb0475]. Does this imply that any short stem-loop may be capable of mediating PNPase-dependent RNA import? How is selectivity maintained in such an import system of seemingly low specificity?(5)The localization of PNPase per se is controversial. Interaction with the mitochondrial matrix-helicase SUV3 in human cells [@bb0495; @bb0500] and the established role of PNPase in the mitochondrial RNA metabolism of plants [@bb0505] challenge the supposed localization in the mitochondrial intermembrane space and suggest a matrix localization instead.(6)Is the observed increase of some mitochondrial tRNA precursors in PNPase knockout cells cause or effect of the observed disturbance of mitochondrial structure and function? Is it at all due to a deficiency of tRNA processing activity, or does it originate from (or reflect) a lack of RNA degradation activity? In vitro 5′-end processing of mitochondrial tRNA^Lys^ in mitochondrial extracts from PNPase knockout cells was unaltered, although the tRNA^Lys^ precursor appeared to be enriched in mutant cells [@bb0475]. Only for the tRNA^His^-flanked tRNA^Ser(AGY)^ a direct processing deficiency was observed in PNPase knockout cells [@bb0475]. However, tRNA^Ser(AGY)^ was previously shown to be released by tRNA punctuation via the 5′-abutting tRNA^His^, thus circumventing 5′-end maturation by mtRNase P [@bb0430]. Owing to the conserved gene arrangement, the 5′ end of tRNA^Ser(AGY)^ is generated by RNase Z acting on the 3′ terminus of tRNA^His^. Mitochondrial extracts are unable to support 5′-end processing of a tRNA^Ser(AGY)^ that is not flanked by an intact tRNA^His^ [@bb0430]. If the maturation of tRNA^Ser(AGY)^ was independent of tRNA^His^ 3′-end processing, but instead depended on an RNase P able to process the 5′ end of tRNA^Ser(AGY)^ directly, one would not expect the butt-jointed arrangement of the two tRNA genes to be conserved, but rather as variable as the boundaries of other vicinal mitochondrial tRNA genes, such as tRNA^Ser(AGY)^--tRNA^Leu(CUN)^ or tRNA^Tyr^--tRNA^Cys^, which are either found butt-jointed, separated by a spacer, or even overlapping in different mammalian mitochondrial genomes [@bb0430]. It seems possible that the apparent impairment of tRNA^Ser(AGY)^ 5′ end processing in PNPase knockout cells is actually due to a reduction in RNase Z activity. Mitochondrial RNase Z seems to be regulated according to the functional status of mitochondria and its activity is virtually absent in cells lacking mitochondrial DNA due to the downregulation of its gene [@bb0405; @bb0510].

In conclusion, the concept of nuclear RNase P imported into mitochondria as a second mtRNase P activity, though not entirely excluded, appears quite speculative at present.

### 2.3.2. Mitochondrial RNase P in other animals {#s0045}

MtRNase P has not been studied in other animals. However, animal mitochondrial genomes are in general similar in organization and gene content, and all of them lack a mtDNA-encoded RNase P RNA [@bb0515; @bb0520]. Given that homologs of all three components of human mtRNase P are generally found in metazoan genomes, it is likely that a proteinaceous RNase P similar to that of human mitochondria is also active in the mitochondria of other animals. In some lineages, such as nematodes, homologs of MRPP3/PRORP and MRPP1 appear considerably more divergent [@bb0150], possibly the result of an accelerated adaptive evolution due to the bizarre mitochondrial tRNA structures found in these organisms [@bb0525].

2.4. Mitochondrial RNase P in plants and algae {#s0050}
----------------------------------------------

A mtRNase P RNA gene has not been found in any mitochondrial genome from plants, green or red algae, with the exception of the two early branching prasinophyte algae *Nephroselmis olivacea* and *Ostreococcus tauri* [@bb0530; @bb0535]. Despite a secondary structure resembling that of α-proteobacterial RNase P RNAs, these algal RNAs are not catalytically active in vitro [@bb0270; @bb0540]. Even supplementation with *E. coli* RNase P protein did not activate the RNAs and the authentic protein component(s) of these putative mtRNase P enzymes have not been identified yet.

Early biochemical studies of mtRNase P in higher plants led to conflicting results with respect to the potential involvement of an RNA, but failed to identify any kind of enzyme component [@bb0545; @bb0550; @bb0555]. We recently showed that one of three *A. thaliana* homologs of human MRPP3/PRORP, PRORP1, localizes to mitochondria as well as chloroplasts [@bb0155]. *A. thaliana PRORP1* is an essential gene and the purified recombinant protein removes extensions from plant mitochondrial or chloroplast tRNA precursors. In addition, it cleaves at tRNA-like structures ('t-elements') found in the untranslated regions of some mitochondrial mRNAs, at a site consistent with the in vivo mapped mRNA 3′ ends [@bb0155]. *A. thaliana* PRORP1 cleaves the precursor of mitochondrial tRNA^His^ preferentially, but unlike *E. coli* RNase P not exclusively, one nucleotide upstream of the canonical position to include an extra 5′ G residue characteristic of tRNAs^His^ [@bb0560]. The structure of *A. thaliana* PRORP1 is similar to human MRPP3/PRORP and has been described above ([Section 2.3.1](#s0040){ref-type="sec"}). The *A. thaliana* genome encodes two additional PRORP homologs that localize to the nucleus [@bb0155]. It appears as if plants have generally abandoned RNA-based RNase P and make use of the proteinaceous enzyme type in all their tRNA processing compartments (see also [Section 2.1](#s0015){ref-type="sec"}). Whereas land plant genomes encode three *PRORP* genes, algae seem to have only one. However, it is not unlikely that this protein acts as an RNase P in multiple compartments.

2.5. Mitochondrial RNase P in protists {#s0055}
--------------------------------------

Not much is known about mtRNase P in the evolutionary highly diverse "group" of protists. Genome information is still scarce and a biochemical study has only been carried out in *Trypanosoma brucei* [@bb0565]. Of the currently available mitochondrial genomes only those of the jakobids, like *Reclinomonas americana*, encode an RNase P RNA [@bb0540; @bb0570]. Notably, mtDNA of *R. americana* is regarded the mitochondrial genome most closely related to the ancestral proto-mitochondrial genome. Consistently, its mtRNase P RNA resembles α-proteobacterial RNase P RNAs [@bb0570]. Nonetheless, jakobid mtRNase P RNAs are apparently not active without their as yet unknown protein component(s) [@bb0540].

Two PRORP homologs have been found in the genomes of kinetoplastids [@bb0150; @bb0155]. In *T. brucei*, one of them localizes to the nucleus and one to the mitochondrion, and the recombinant proteins have RNase P activity on their own in vitro (unpublished results). A previous biochemical characterization of *T. brucei* mtRNase P also suggested that the enzyme lacks an RNA moiety [@bb0565]. The presence of RNase P in kinetoplastid mitochondria is indeed surprising, taking into account that their mitochondrial genome does not encode any tRNAs. Instead, nuclear-encoded tRNAs are imported into the mitochondrion from the cytosol [@bb0575; @bb0580]. Although in vitro import experiments suggested that *T. brucei* tRNAs are imported as precursors [@bb0585], tRNA import in vivo is independent of flanking sequences [@bb0580; @bb0590], suggesting that essentially only mature tRNAs are imported into the organelle. Thus, the natural substrates of *T. brucei* mtRNase P remain to be identified and kinetoplastid mtRNase P might be the first example of an RNase P activity not involved in tRNA processing in vivo.

3. tRNA 3′-end processing --- RNase Z {#s0060}
=====================================

While 5′ end processing of tRNAs is strictly endonucleolytic, 3′-end processing is more variable, and endonucleolytic, exonucleolytic, as well as combined pathways, involving both types of enzymes, are found in the different genetic systems [@bb0010; @bb0015; @bb0595; @bb0600]. In mitochondria, however, tRNA 3′-end processing seems to generally rely on an endonuclease, and the widespread use of polycistronic transcription, and in particular tRNA punctuation, where 3′ trailers are functional RNA species themselves, appears to preclude any exonucleolytic mechanisms of 3′-end maturation.

In contrast to RNase P enzymes, tRNA 3′-end processing endonucleases all seem to be related, belonging to the same family \[for review see refs. [@bb0010; @bb0015; @bb0600; @bb0605; @bb0610; @bb0615; @bb0620]\]. The functional role of this gene family was identified in 2002 and the enzyme named RNase Z (now also called tRNase Z; EC 3.1.26.11) [@bb0625]. The RNase Z family (also called 'ElaC' family according to the gene (*elaC*) encoding *E. coli* RNase Z) belongs to the β-lactamase superfamily, a group of related metallo-hydrolases with a characteristic fold of two parallel β-sheets flanked by α-helices (α--β/β--α) and the active site metal ion-coordinating motif HXHXDH [@bb0630]; in RNases Z as well as in most other members of the superfamily this metal ion is zinc. In addition to these common structural features a protruding flexible arm, the so-called 'exosite', characterizes the RNase Z family [@bb0015; @bb0610; @bb0615; @bb0620]. It is involved in the binding of the tRNA precursor substrate. There are two forms of RNase Z, one of 280 to 360 amino acids (RNase Z^S^) found in archaea and many, but not all, bacteria and eukarya, and another one more than twice this length (750--930 amino acids; RNase Z^L^), exclusively found in eukarya. The crystal structure of three bacterial RNases Z^S^ was elucidated [@bb0635; @bb0640; @bb0645]. They are all homodimers of head-to-head arranged subunits. The dimer binds two tRNAs; the individual tRNAs seem like clamped between the 'exosite' of one subunit and an α-helix of the other [@bb0650], resembling "a ski boot in its bindings" [@bb0610]. Consistently, there is evidence for cooperativity in the action of RNase Z^S^ enzymes [@bb0610]. Each enzyme subunit faces the stacked helices of the acceptor stem and the TΨC domain, whereas other elements of tRNA structure appear largely dispensable for substrate recognition [@bb0655; @bb0660]. For a more detailed discussion of RNase Z^S^ structure and its implications for substrate recognition and cleavage I would like to refer the reader to more specific reviews [@bb0015; @bb0610; @bb0615; @bb0620].

The primary structure of RNase Z^L^ suggests that it evolved from RNase Z^S^ by duplication. The C-terminal half has retained a higher sequence similarity to the short forms and contains the presumed Zn-coordinating active site. In the N-terminal half the HXHXDH motif is highly degenerated, but this half contains the 'exosite' that was lost from the C-terminal part. No crystal structure of an RNase Z^L^ is currently available. While all eukarya appear to have at least one RNase Z^L^ gene, some also have an RNase Z^S^ gene, or even two genes for one or both RNase Z isoforms \[for review see refs. [@bb0015; @bb0605; @bb0610; @bb0615; @bb0620]\].

All mitochondrial RNase Z (mtRNase Z) enzymes identified so far are of the long form and in many cases the enzyme is derived from the same gene as nuclear RNase Z [@bb0070; @bb0755; @bb0670; @bb0675; @bb0680; @bb0685; @bb0690]. This may not seem surprising given that many Eukarya have only one gene encoding RNase Z^L^, but even in the presence of an additional RNase Z^S^, like e.g., in humans, still RNase Z^L^ is shared between the nucleus and mitochondria, while RNase Z^S^ is found in the cytosol and apparently not involved in the processing of primary tRNA transcripts [@bb0070]. Just in cases where there are two RNase Z^L^ isoforms the dual targeting to nuclei and mitochondria seems dispensable. For example, four RNase Z isoenzymes are found in *A. thaliana*, two RNases Z^L^ and two RNases Z^S^ [@bb0675]. Interestingly, one RNase Z^L^ is shared between the nucleus and mitochondria, whereas the other RNase Z^L^ is confined to mitochondria. The two RNases Z^S^ are found in the cytosol and in chloroplasts, respectively. In *Schizosaccharomyces pombe*, which has two RNase Z^L^ genes, one RNase Z^L^ isoform is found in the nucleus and the other one in mitochondria [@bb0690].

We have recently studied the mechanism underlying the dual nuclear/mitochondrial localization of human RNase Z^L^ [@bb0070]. The first AUG of mammalian RNases Z^L^ is consistently found in a poor context for initiation and is apparently frequently passed by scanning ribosomes. The second AUG more closely conforms to a consensus initiation site and appears to be used preferentially. This downstream initiation results in the loss of most of the mitochondrial targeting signal, whereby the protein translated from the second AUG is no longer imported into the mitochondrial matrix, but routed to the nucleus via a nuclear localization signal. The dual targeting mechanism of RNase Z in other organisms has not been studied.

Functional studies of mitochondrial RNase Z have been carried out in human cells [@bb0755], *Drosophila* cells [@bb0670], *A. thaliana* [@bb0675], *S. pombe* [@bb0690], and to a limited extent in *S. cerevisiae* [@bb0685] (in vitro studies of processing activities from crude mitochondrial extracts before the identification of the RNase Z family are not included in this list).

Recombinant human RNase Z^L^ cleaves different mitochondrial tRNA precursors in vitro (unpublished results). In HeLa cells, silencing of *ELAC2*, the gene encoding human RNase Z^L^, by RNAi resulted in the accumulation of various 3′-unprocessed mitochondrial tRNA precursors [@bb0755]. Other processing sites, tRNA 5′ ends, tRNA antisense transcripts, or non-tRNA-abutted mRNA ends, were not effected by the RNase Z^L^ knock-down. Nuclear-encoded, cytosolic tRNAs were not studied. In *Drosophila* S2 cells silencing of *JhI-1* encoding RNase Z caused the accumulation of mitochondrial and nuclear tRNA precursors [@bb0670]. Consistently, the recombinant *Drosophila* enzyme catalyzed the 3′-end processing of tRNA precursors from both compartments in vitro [@bb0670]. All four RNases Z of *A. thaliana* have tRNA processing activity in vitro, and similar to mtRNase P, the two RNases Z^L^ cleave 't-elements' found in mitochondrial mRNA precursors [@bb0675]. Mutants of *AthTrZ*^*L1*^ and *AthTrZ*^*L2*^, encoding the two long, mitochondrial isoforms, are both viable, indicating that they functionally substitute for each other in mitochondrial tRNA 3′ end maturation [@bb0675]. The double mutant, however, seems to be lethal [@bb0675]. Taking into account that inactivation of *AthTrZ*^*L1*^, encoding the only RNase Z isoform present in the nucleus, is not lethal, it appears that nuclear, in contrast to mitochondrial RNase Z is dispensable, most likely due to an exonucleolytic nuclear (backup) pathway similar to the one characterized in yeast [@bb0600]. In the fission yeast *S. pombe* the two genes encoding RNases Z^L^, *sptrz1* and *sptrz2*, are both essential [@bb0695], but only the overexpression of the mitochondrial SpTrz2p resulted in as yet uncharacterized phenotypical abnormalities [@bb0690]. They both were shown to have RNase Z activity in vitro [@bb0690]. *S. cerevisiae TRZ1* is an essential gene and decreasing its gene expression or a temperature sensitive allele showed mitochondrial deficiencies (petite phenotype), consistent with an essential role in mitochondrial tRNA biogenesis [@bb0685], although mitochondrial tRNAs or their precursors were not analyzed in these mutant strains.

The expression of human (mitochondrial) RNase Z^L^ appears to be regulated in a peculiar way. In human cells lacking mitochondrial DNA (ρ^0^ cells) its mRNA was found down-regulated [@bb0510] and its activity, in contrast to that of mtRNase P, which was unchanged, strongly reduced in mitochondrial extracts [@bb0405]. The reasons for this apparent "adaption" in gene expression are not known.

4. Is there an "alphabetical" order in tRNA processing? {#s0065}
=======================================================

Does cleavage by mtRNase P generally precede that of mtRNase Z? Most in vitro processing studies and also some genetic data appear to favor such a scenario. In human mitochondrial extracts prepared from different types of cultured cells, cleavage by mtRNase P seems to generally occur first. The processing intermediates are 5′-matured tRNAs with 3′ extensions, and no 5′-extended, 3′-cleaved tRNAs were observed; this result was confirmed for a variety of mitochondrial tRNAs [@bb0150; @bb0405; @bb0430; @bb0435; @bb0750; @bb0760]. Consistently, knock-down of the MRPP1 subunit of human mtRNase P in HeLa cells inhibited both, 5′- and 3′-end maturation, whereas silencing of *ELAC2*, the gene encoding mtRNase Z, blocked 3′-end processing only [@bb0755]. Yet, based on the analysis of processing intermediates, it was also suggested that the order of processing would differ depending on the tissue: whereas a 3′-extended processing intermediate of mitochondrial tRNA^Leu(UUR)^ was reported for skeletal muscle, a 5′-extended intermediate of the same tRNA was observed in fibroblasts [@bb0705]. However, this apparent tissue specificity of the mitochondrial tRNA maturation pathway needs to be reproduced and should possibly be extended to other tRNAs and tissues to allow conclusions.

Silencing of RNase Z also provided direct evidence that 5′-end processing precedes 3′-end cleavage in *Drosophila* cell mitochondria [@bb0670]. No 5′-extended, 3′-processed tRNAs were detected in controls and mtRNase P continued to efficiently cleave tRNA precursors when 3′ end processing was impaired. In vitro studies in wheat mitochondrial extracts, in contrast, seemed to indicated that cleavages at the two tRNA ends are not ordered, as both possible forms of intermediates were reported [@bb0545]. Yet, processing apparently proceeded 5′ to 3′ in *Oenothera* mitochondrial extracts [@bb0550], and studies with partially purified potato RNase Z clearly indicated that 5′-end maturation has to occur first to allow 3′-end cleavage [@bb0710].

Mixed results were obtained for yeast mitochondrial tRNA processing. The 3′-end processing of yeast mitochondrial tRNA^Glu^ was observed to depend on prior 5′ maturation in vitro [@bb0715], but a 5′-extended, 3′-processed tRNA^fMet^ accumulated in deletion mutants of the mtRNase P RNA locus [@bb0305].

In summary, the order of processing seems to be flexible in some systems, and, depending on (i) the given tRNA precursor, (ii) the cell type, or (iii) possibly the relative abundance of RNase P versus RNase Z, one or the other pathway may predominate. In other systems 5′- before 3′-end processing clearly seems to be the favored, though possibly still not exclusive pathway.
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![Schematic structures of RNase P RNAs. (A) Universal consensus secondary structure of bacterial, archaeal, and eukaryal nuclear RNase P RNAs [@bb0125]. Gray indicates variable structures connecting conserved regions. Helices P1--P12 [@bb0720] and conserved sequence regions CR I--V [@bb0725] are indicated. Structural elements absent only in single, minor phylogenetic groups are included: P12, absent in *M. genitalium*[@bb0170]; P11, P12, CR II, and CR III, absent in *P. aerophilum*[@bb0215]. (B) Secondary structure of *S. cerevisiae* mtRNase P RNA (Rpm1r) [@bb0325].](gr1){#f0005}

![Structure of proteinaceous RNase P (PRORP). MTS, mitochondrial targeting sequence (facultative); PPR, pentatricopeptide repeat; CXXC, zinc-finger-like motif; NYN domain, N4BP1-YacP-like metallonuclease domain [@bb0410]. Sequence logos were generated using WebLogo [@bb0730] and are based on a ClustalW alignment of PRORP sequences from the following species (number of PRORPs if more than one indicated in parentheses): man, macaque, dog, cow, mouse, platypus, chicken, *Xenopus tropicalis*, zebrafish, *Tribolium castaneum*, fruit fly, *Aedes aegypti*, *Anopheles gambiae*, *Culex pipiens*, *Nasonia vitripennis*, *A. thaliana* (3), *Oryza sativa* (3), *Physcomitrella patens* (3), *T. brucei* (2), *Leishmania major* (2).](gr2){#f0010}
